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ER AND PARTICULATE PRODUCTION OF HETALUC AILUYS 
Nicholas 0, Grant 

partment; of Matorials Scienco and Enoinocring 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 

The focus of this presentation is on the more recent developments 
of particulate metallurgy of alloyed materials wherein the final product 
will be* a fully dense body. These particulates are not intended for the 
PM press and sinter technology, although some of the powdered particu- 
lates could also serve it. the PM press and sinter industry and elsewhere. 
Concern also is for more highly alloyed particulates in contrast to lean 
alloys or pure metals; Lne latter are capable of being produced by many 
additional techniques, for example, by reduction of fine oxides, grinding 
of cathode sfioets, etc. 

Particulates are defined here as powuers, flakes, foils, slivers, 
ribbons and strip. Because rapid solidification is an important factor 
in particulate metallurgy as discussed here, all of the parciculates must 
have at least one dimension which is very fine, son:atimes as fine as 10 
to 50 microns, but more typically up to several hundred microns, provided 

that that dimension permits a minimum solidification rate of at least 

2 9 

10 K/s. The maxiinum solidification rate may be as high as 10 K/s for 

special purposes, but more typically v/ould be in the range lO'^ to 10^ K/s. 

♦ 

The major demand for rapid solidification (RS) fs based on our aware- 
ness of the new-found control that rapid solidification provides over the* 
micro and macro structures of the resultant particulates, which structures, 
in. turn, can be manipulated to enhance the properties of the resultant 
fully dense body produced from the particulates. 

It has always been the primary aim of all materials scientists and 
engineers to control structure, because control of structure equates to 
control of properties. For many years, and still true but to a lesser 
degree today, as property requirements became more demanding, complex 
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alloying provided many of the answers. Today, taking into account the 
high cost of nuuiy alloying elements, the need for 5{»edal Melting and 
casting technology, and the difficulty of hot converting large, coarse- 
grained, segregated ingot structures, alloying technology of itself has 
lost some of its appeal. 

Look through the literature and the handbooks, how many new ingot- 
based high-speed tool steels have appeared in the past 15 years? The 
last important wrougnt superalloys wore developed in the mid-sixties', 
the last cast superalloys were developed in the late sixties. The end 
points were reached whor, the highly alloyed wrought materials could not 
readily be hot worked on the best available equipment; the end point 
fgr cast alloys was associated with lack of toughness due to large 
amounts of coarse secondary phases and a very coarse grain size. 

Rapid solidification technology (R5T), first a curiosity for the 

f 1 1 

making of glassy alloys,' ^ v*/as soon thereafter demonstrated to offer an 

(2l 

unusual degree of structure control in microcrystal 1 ine alloys.' ' As 
the high potential of RST for c structure control becamo more and more ev- 
ident, the number of interested scientists and engineers who came and 
are coming aboard is quite remarkable. 

An unexpected benefit of structure control through RST is the total 
reopening of alloying technology in materials developments. In micro- 
crystalline alloys the high degree of mctastability of the structure and 
its otherwise homogeneous nature are strong inducements to try unusual 
alloying combinations. With glassy alloys wo hope to see the development 
and emergence of a Hume-Rothery of iiiGtallic glasses, 

The A.chiey em.en ts of Rapid Solidific ation 

To date four curves are known relating secondary dendrite arm spacing 
(DAS) and solidification rate. These four curves are shown in Fig. 1; they 
represent plots for aluminum al lays, copper alloys,^^^ an austenitic 
stainless steel, and an iron-base Mar-Aging steel^^^ Fairly significant 
differences are observed among these curves, which should discourage the 
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h.ivtv UM' of niiMMiivd ilA;i v.ilui's Ivosi aUi;umi''.\ .illovs ,i'. .1 .•.u.nn' <il tl»' 
Sill iili i'iiiit ion I'lili'S III hiiihl v (Hi lin'i'iU .iliov \vMi is in tlin Jbsi’iii u nt 
at Umsi, a partial caliUiMt uai turvt'. 

As (h?a lUrratupi‘ has alnsuly sliown, tniMH* arr lumn'rous stru\.tural 
chaupt's with iiu n'asiiuj sul ivii I'iralion ratrs. tUrit xvi the structural 
chaners ari' nut toiitinnuus I'unctions of the ciurnch rale. 

Cluuuius which have been studied ami recorded lire the followini. 

1, PecriMsed micro ami macro stniriHjativni. Tins would appear to be 
i\ continuous tunc lion of inoroasiiui hol idi Ticatitm rate. 


•I 

i> I 


Imreasevl solivl solubility. On avciMtje* ti'»o iimroase vanes 
froin alley to alloy ami alloyiiui types. Important champ's are not ob“ 
served until seme mlnli'uim value oi‘ omMuh rate is esceeded, Ixtensive 
reviews are asailable in the literature, In alumin.im alloys this occurs 
above abotrl If'' austenitic stainless steels U)‘^ K^s will 

su'jvpress prei ipiialion of tif. More than db - ot the TiC, over a fairly 
wide ranpe of li and C contents, can be maintaimnl in. Svilid supersa-ura> 
ti on. 


Uu) 


3. Chant.i‘S in Si.!e, shape ami distribution ot Sfcondary phases. 

These chamjes parallel,tv» an important measure, the changes in HAS. 

There are subtle changes in ehomistry as well; such vduuuies have been 
poorly docAtmenied thus far tnit could be important enough to stimulate 
iuidi lioiuil research . 

4. Ulmiivativjn oi most stHjrmjatian (ihasos. Since seoreoation 
phases are a function of the slowness ol sol idificationH , their chem- 
istries shoulvl be (and are) related to the sol idif ication rote, for 

,1 

solidification rat, os in evums of about U) K/s tor aluminum alloys, the 
equilibrium phases rather than the sepreeation phases are observed. Tlie 
many cvmiplox seaiepaiiou phases in aluminum involvitui A1 , Cii, le, Ni , Mn, 
Zr, etc., disappear In favor of the equilibrium phases Ar^M(M “ ,111 ,l,r) , 

Alj.Hn, ami oUiamiP^^ 

b. rormatien of certain metastable phases. These phases, on heatimj, 
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Inter ilecomposc! to otiior iimtasiablc phases or to stable ph»i5es. Sollil- 

4 (1415) 

ification rates in excess of about 10 K/s are nenerally necessary. ’ ' 


6. rormaiion of tjlassy alloys. Quench rates i.anerally in excess 
5 

of about 10 K/s hove boon shown by many investigators to be requiroU to 
preserve the glassy state. There are a significant number of exceptions, 
but the need to exceed some luinimuin quench rate is clearly required. One 
might bo reminded that the glassy state represents the condition of "zero" 
segregation since the liquid state is preserved to room temperature with 
minor chanejos in atomic rearrangoments . This, it would seem, is the ul- 
timate achievement of rapid solidification teelinology, 


Referring to Pig, 1, the following solidification modes and processes 
are identifiable, with approximate solidification rates (K/s): 

a) Ingots and large castings; from about 10 " to 10 

b) Gas atomization (subsonic); from about 10 to 10^’ 

c) Gas atomization (ultrasonic); from about 10*^ to 10^ 

4 < 

d) Water and steam atomization: from about 10‘“ to 10 

e) Metallic substral.e particulates (coarser than about 20 microns): 

from tibout 10^ to 10^ 

f) Metallic substrate splats (finer than about 10 microns and down 

r in 

to sub-micron thicknesses); 10 to ID ^ 

All of the above particulate forming techniques have now been applied 
sufficiently broadly that materials research people are knowledgeable 
about the structures which can be produced for a wide range of alloys. 

Since there are two or three orders of magnitude of solidification rates 
to contend with for each process, the experimentalist must apply his 
knowledge and skills cleverly to achieve the rates necessary for his struc- 
tural control . 

Briefly, since the topic has been well reviewed in recent literature, 
one strives to optimize the heat transfer coefficient. This is done pri- 

. , t 

marily by control of particulate dimensions. With powders it s the par- 
ticle diameter', with nonspherical particulates it's the thickness dimen- 
sion. In each case the smaller the diameter or thickness of the particulate 


S??SSS5SrS 

ttia tlip sjui'Hch rati 3 , Iho second imriot’Unt in tlie cose of 

nCOii!l.ied powders, is the velocity of the iMilirlu iu fts utousplirre; in the 
case of iiietallic substrates, it's tlie effective conductivity of the sub- 
strate. Secondary factors, but still very iinpurtant, are the conductivity 
of the 9 vis phase in atoini/ation (helium will oive an finler of maiinitude 
higher quench rate than either anion or nitrogon), the conductivity of the 
metal or alloy beiny solidified, and the superheat of the liquid metal. 

In atoitii/ation the superheat serves two lasts; it has a small effect on the 
solidification rate and, in the case of powders, it is important in terms of 
parti cl e sphered 1 aati on he t ore sol i d 1 fy i ny . 

Ttii^ Depn oiiii c Po i n i of y i ew 

It takes cnoryy to convert a metallic liquid stream into iiarticulates 
of larye surface area, The efficiency of the conversion is very poor, es- 
pecially in atomi cation, and has been calculated to bo of the order of 0.5« 

n P 1 

in subsynic qar. at emi^ation. ' ' In similar calculations , the same source 

calculated an efficiency of 2' lor the ultrasonic eus afuiui?atiun process. 
This differGncQ of 4 can account for a lame ditfercnce in Liie volume of 
yas rctpjircd to achieve a given atomization qoal. In flat particulate pro- 
duction, tliere is also a cost associated with the achievement of thimier 
and thinner particulates. Since the primary aim of particulate production 
is to achieve a particular structure (for example, a selected value of sec- 
ondary deiuirito arm spacinq), the aim should be to pruduce the coarsest 
particulate which will achieve that structure. In RST technology, the 
yield of a nivon particulate (size, shq)e, size distribution) must be sec- 
ondary to the yield of material with the desired structure. Hopefully both 
yields will be high. 

Because the degree of contamination from subsequeivt handling of the 
particulates is also shvii'ply inflcenced by the surface au'ea, the c\''arscr 
particulates offer important advantages. What is being said here is the 
followijiy: if a solidification rate of 10^* ,K/s provides the desired initial 

structure and is convertible to a product with the dosirod structure and 
properties, don’t strive to attain solidification rates of 10^ or 10^ K/s. 
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Pa rJJ c u I Pi’mluc ti qrt 

The prollffiratiun of piirtlculato production techniques is well docu- 
mented in the publications of the four RQ International Conference Pro- 
ceedings, and in the even lamer minher of smaller but equally productive 
conferences on the same topics. There are nevertheless some comments 
and generalities to be made about each of tlui classes of RS techniques, with 
out attempting to select any one type of process, 

Gas, ^y)iiiizati^^^^^^ Clearly this is one of the oldest, best 

understood RS methods. The use of inert gases is an advantage in several 
ways. Nitrogen, the U-ast expensive, can be used wfierovor there is no 
concern over reactions of nitrogen either with the solvent liietal(s) or 
vdth reactive alloying elements. Helium can be used instead of argon with 
the potential for a gain approaching one order of magnitude in solidifica- 
tion rente. There are also subtle differences in the delivery of helium 
gas in contrast to argon or nitrogen; those differences have been observed 
both with subsonic and ultrasonic gas atomization but are ottierwisc poorly 
documented. 

Whore air is used, as for low alloy steel powder production, it is ob- 
viously much cheaper but can only be utilized effectively in special cases 
(easy reduction of the oxides, lesser concern over some retained oxides, 
utilization of an oxide as a structural stabilizer). Where moisture is a 
problem, as with aluminum atomization, subsequent treatment of the powders 
to break down formed hydrates may easily cancel out any benefits of the low 
cost of air (or combustion gases). 

The extremely low efficiency of subsonic gas atomization (in terms 
of new surfaces generated, for example) can result in high costs of inert 
gases, in which case recirculation and recovery of the gases is an eco- 
nomic necessity. 

Satellite accumulation is often a problem in gas atomization.^ Satel- 
lites are the fine powder particles which are attached in varying degrees 
to a coarser particle. Satellite buildup is very much a characteristic of 
each different gas atomization process. The degree of swirling or 
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tvii‘bu!‘ ot f’it ^,»i1 idi t.v1n*| in «j«u*h {nMtiu r.i* il it/i ‘‘i-* 

sol 1d11 1 :ation rah*; and tlu^ ivlatiu? vc'lOuUtivt O? 1a»dd and s>’’iill dnop- 
lets ani‘ sore ui the toaturos of utomi^vitio ‘ which v/iH detocrdne sa!t«l- 
lito l'iildu|i, fiamv if shuv/h vaoinp denniies of satellHe buildui* iii 
subsonic 'i,is tU.OiJiieat ioru 


Ih ' {)rusi*n..f‘ of l.ha satolliti'S is imdosii\iblu v ti suvocal i.oi.nts; 

a} the fJOvkinij densUy con bo docroosod sovorol ;orcunt. 
b) the fini> .nitullitus are otatfOMlly ({ucrchod i nch a'oee ropiuly 'lion 
the paeon* poeUslo (substrate duenchinpi in iHfectji, Theue diffpronces 
lead to h';{5ort*od rJerost ili t foivncos in the ann'ulidotud pioduct. 


fho rori‘ ex{r»rH‘ co .e of two laepec pociicles lOllidlno, with ouo of 
the Piiotidos olfoady HoHd» whicii leads to tiie fornalion ot vi cop, is 
more secinus. Atjain) the can is substcato quendu'd and is sukOi iiuu'e 
finely sieuctnetni^ leodi»ui to juicrostructuv'ol varlat iuns wnici^ hwy pro- 
sent property [u\ibloMS, Soro of the contrifui)al atoni/ation reti.uds am 
known to exhibit Uiin typo v)j uoll inion lo a (|reaft?r ifcqree than is ob- 
served with vjvis atonii/ation, riv 5 u»\? 3 siiev/s the 1in*‘r nlructiire of me <^ap. 


Gan Atorjaer.i on (U1 jo\i faun c^ The uHranunic nan atomiaation (1‘hiiA) 

process to be »i1ncussed below is that based on the invention Nielson 
and Teve (Kohlnva» f.wedeit) whicli utilises a neritna cm '.odifieJ llartiit\ii 
shockwave nozzlon (an amuiUtr rinn has also been used) to dcnorate a set 


f 0 ] \ 

of pulsed* ultOvUionic pas jets onto a flowimi liquid metal streatn,^*' ' 
Two troiuency ranues are indicated, a major one at about 100 kilohertz: 


xuvd a broader, vahikor one at ?0 to 30 kllohei't,!, txUinq uas velocities 
are reportod to be in excess of Mat,h 0.^' The runiinnation of ultrahiph 
velocity pas jet* , in the pulsed mode, was reported tc be responsible for 
the generation of ve»7 fine powders in a narrow s1se range, Our studies 
tend to confiin t!u?se claims, Perhaus the must inUnesUng aspect of the 
USGA process is that high-speed movies show that atorn cation is a f ingle- 
step process, in contrast to the three-step process observed, again by 

{pi 

hinli-spced movies, for the subsonic gas atomization process . ^ 
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i‘ fiiqh vt'Kn..itv, ; juts ran ' 

{Z2h-i^ .iverdtm sue, tVi' aiu^^inu. . allMvs usliuj UiOt)- 
liio'o), v/vth ’iidiuatrjvi i.As valuus M'am abaut 0.6 to 6 


v« 17 lio. ■ i>vi ^ 
l.'iul uas pju',** 
!niuj*pjU' fo>' powdui’s 


ririiM* lan OtQt i'U Suu 1 


atui 


Uaf iki- Ifio sy"»sonic* lhroo-v.tu|> oas atonn;!atiun uracus'. * iho UbuA 
proC'a.s daus nut trap thu aunnUIno pass novnldua tunv! to be quite s?>lier* 
ioal* ti*;if satelHto population tends to be fu'sill \hov.evio, satollite 
densits" is tbe result of ufhnr pradsici ion varianloSt as v.-ell), n»jurG Q 
shov.'s t.Vin'cal UfOA dlurilnu.i! pov.dcr'.. 

He use Qf still hiqlior qas nrqss tiros tnan ludu-ldaa psip Is known 
to result in still finer powder sires, with hiqsii r toUdi fioaliun rites, 
siiould such finer powders or hitiPfr quencii rates be vioslred er necessai'y. 


In tlni par. atunri^ation proe.ensi'S there are a rather sioni f leant 
number of oneratine variables, wiilen apply v.helher the rroeesses are sub 
or ultrasonic. Important variables are; 


1. Metal * truam diarioter, ior ultrasenii aa*. a 
is abeut bnm or finer to allow fur Uilal intorav t lorn; 
pinylnu qas jets and the froo-falHnq liquid nelal si 


tOrijanon this value 
between the Im- 
re an. 


a. The diameter and lemjlh of the qas norrles er pca'ts. These 
diiiKuniions daHrinino tno lencjth of the laminar flew uf qas, for maximum 
efficiency, as woll as the velocity of the jets. 

3. Gas velocity, Whereas one generally measures pressure, the 
correct variable is the gas velocity. In subsonic gas atomication the 
primacy role of the gas stream is to increase the velocity of the liquid 
metal stream; the low shear resistance of the liquid metal then leads to 
disimogration of the liquid stream at high velocity. 

•1. Included angle between the gr; jet and tin* neiallic stream, for 
maximum gas efficiency one would prefer a large angle; however, This re- 
suits in lateral spray foriiwtion requiring much larger tank diameters. 
Furth.-r, nigh levels of gas back pressure are generated which usually 
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|vri‘V.'i;, iiotal nairimj ami can in fact loail to ;wr. Inii'Miivj i.|i i.hroii I. 

Urn tmi A shallow aiujlp of in;.;? !»:iv:n t? i< 

lartja i-omfionunt uf gas riffloctun off tim ligidd st rain surface; ro .uUs 
In turijuUart gas fiow the distance of travel ir.creasus) ; and gminrally 
results in v>n'y coarso pcwdors. the tots! included rrujla between the op^ 
posini gas Jett is typically 40 to bO”, being on chc st.allf^r siiie fur 
greater effido!;c;/ for tim USilA i<roccss. 

ij, liquid metal superheat, tupenuint is very important. ‘With pyre 
metals, which are characterirod by a frue/.ir.g poiirt, sufficiert sureriicat 
1s «spt‘cially liiiportant. The famrliuii of refractory surface oxides by 
any of the components uf an alluy cari, in the dbsencii of adequate aupar- 
huat, lead to in'ijiny irt».^;uiar towdvjr shape?. AlimdifUiii oxides ary among 
the worst. In the threy-stni subsonic uas atonii^raf ion pr*'*coss, high 
levels of superheat arc essential sirtco tim pov/der-firming step will he 
well removed froin the tjas-metal interaction zone, and a variety of inter- 
mediate shapes arc formed. 5eo i'iq. 4 for indication of the role of superheat. 

WaiyjA.,and Ste-rn Atijaiiznlion, The muc.n higher quoncii capacity of 
v/ater and strniia is a plus feature for those fluids, and typically solidi- 
fication rates are vjrcatvr by 10 to lOOx comt-arod to qas atomir '.lion 
(10 compared to about 10*' K/s). The oiuation wnich can result with 
water and steam is somewhat more severe than with air. Accordingly, 
steam and water are used fur atomization and quenching only where the 
oxide of the alloy boimj atomized can be reduced relatively inexpensively. 

Low alloy steels and cast irons are the best candidates for these proc- 
esses* In the latter case, the oxides which are formed are used for re- 
action with the carbon of the high carbon steels or cast irons to produce 
a decarburized iron of suitable puritp for {iowder processing. 

There ar*e a number of centrifugal 
processes in operation, snveral of which may be cl assi fieri as cc^^mieruial 
(snial 1 -scale) ventures , ^ 

Several features characterize 

tdiis process, wnich has a number of points of merit, as well as several 
whicij present important disadvantages, 
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oipcm QUAUTf 


i finjuire « vacuuui, whk^i jKnir im* hi *i 

fMlC'i*. uftU laSc»* baasjs arc exp»;nsivi» and u > ’oca; ..:**.! \n 
action, 

b, rhjrforatod^ R{ .ar.bg Ciip^ Fhf* use of hif,h-speoU» rotating i 
i*erfnratcU cin^s is ar. easy way to ';eton licjuid motal for atoni^jation. A 
soareh or the Httraturv vdll rt /oal a rajhibnity to prod'iu:» a wide ramjo 
of partlculato si apos and sizes, hphcrlcal , toar-clr*Hi, rich***ihaped 
(adcalan), arid rlbLon^shapoJ (laffjo asp»‘Ol ratio; partiuiiaU'S have bren 
produced. Musi of tno succossrs have irnn wUh thr b^wer froUbtr isjfculb 
and alloys, loss than auouf yrO C (1173K) uturdzation tCi-prratnro, due tu 
tfiu linitathns of stnrgth and orosimi or alloylMU trslstat^ee of tin* cup 
nratoriali StuS'ls, hoat-ros i slant alloys a»id s a;, uralluys are pruffirred cups 
especially at the /nic of the temperatyre ranpoi 70^r to 900‘'C 

im iM :i 73 K). 


.1 Wiif 5' 2 * 4 * ' •% i -1. »»4{% 4^.1% 

« «t\» I *>.»»•*» ft 1 V**« it'ij j'f f f U ja 1 5 ^ «ll- 5 ljwtT»i li I Ut ? 1 fl ii* I 

alloys cors’iGtsnal ly fur a n atfur of ycho'i;, us inn a rotating, perforatod 
step! rup, lu»* [awduru, whlcli .ns} .jionicod in air, Imilcarc sul idificatiun 
rates of al^aut Uf“ K/m yields of uuoful rlcd-chapt-i ;,uv/dr*rs are hijh (Di)*') 
and too powiPui, continuously ivovad, hoafed, a'Kl hot rolled in a sinolo- 

/ O 1 ^ 

roll stand la essuniially full density.'^* ' 


C. Shoir Lip Ceittrifu^al Ato;iii^^^^ Originally scaled up to 
piloL-bcale operatitm In fngland, the process of pourini iiguid notal 
into a hlah-S{eC'd rotattnd cup, with a thin Itiym' of liquid u'etal climbing 
up tin* cup wall to be atniii?ed is it passed over trih sharp lip of the eup, 
has a nunber of apparent advantayos as well as soise disadvanUges. 


Tho thinner the it,eviny i.etallic layer, the sharper tlio lip of the 
rota ti rip cup, an I the hiyf.er its itcntrifuyal speed, the fir. or the result- 
ant powder size and the rn'eator the solidification rates. Rotational 


spenuq are lii'iite i hath by the strei.yth and tompera'*ur'e of ttiO cup tia- 
torial , as well as by the nommiform spr'ea-iing of trie liquid metal layer 
vrithin ti.e cup. h'ith alloys poured siuni ficantly above about ISOO^C 
(15/3’f), most cup matrnais will not retain the orluinal sharp lip required 
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fot’ ♦ ,1.^4 5‘h‘.i»i»; s)i tht* uvifi^ l. |*M '‘.‘S,; ;il Pi\u 

*dy th tv> ‘ '4*''*' ’ V« 1 1 h tSi’. 'ii ■ I I ii * f i t‘ 4« 

raU'S* 

*'** uUi'riHt.iv*** wnif/! ♦' j ii iJ 4t:u‘* th** inci? oi fho wup 

11p, is !n {h»‘ liiiuM ^ 1 i«}=ij4-s»^l i « u;uU. The* *^1^.111 

rtc^ii;v=Hi by a layer 'i? tbr a!li<y balii.ifr 4 ru*;iiin'{, u tensull 

ccolo? 4i*,h. iiith P*<cul1unl *t >?♦ )Mtutv cuiitral ard ratih >1 smi- 

foiv, { ;)wijcr } rotbjrt Is ;yi**k 4 v4 b n rv’nd*, i*) hr ri‘l 4 i vrly caarse, I 0 
inc^tj 'sc ' r srl idi f’iha t fiUi ra^r {»f hhasi* llMifid dropIrtSi *110 

flrcplets aro Hr. tod ty ;4‘1 as tday fly hy tu »irniovo doench 

ratos iiHjfcviU'd ta u; aiiout l-f^ s/i 


\ t It j? 


aiO' lipat ion pn 

rss in lofunm 

■a ataila'i 'U ja! r.r; 

thodb nc’ft In 

"to ;-avrb;t‘ si.n* p 

'nc.diii)‘i, which 

nnraaii! n by .lif,- 

liunal qtnnwfU 


dt iftip*or*»uua.‘. all uf v’t'n'.i*; tiio-i H.v at uni rod powvsn's art* frs'o of 
ontrapj.od ijd^, carifliaHjiy 

5ifn1- mbisiU v.ith all i.f 
in dv'VO 1 i ; ■ - tif is !na nhla* ivel v rt»art,<' ; 
lu iilavi i^i j h itiun rM*='S thifi-r, 

vko‘... 

}/ui’M 4 ia' b -luaility P. > f» a , iiim a* Ur* uiu.s.mI vitviii.’fltion * 
fissrs aaaa disnolvad hyeao'u-n wMeb :5 intrnducoil ltd a the m\t\ the r.oU 
is iheti UA}.osad 10 vafdiii‘ 5 ; via a del ivory lubo» A* Ida liquid iretal rises 
in tm tube, U»o liydniyrtu hoinq very fnarly iHH.iaj If, tho i.Ut, is rapidly 
rolrasod, Htera^lv disiaU qrcit ing into an aleai^jOil spray, doth fnimrital 
p»a*« ,ot s and t * (fiphittf d) pruds/tti arr; proluiajd (a f{inctl0fi ot tail con** 
talfior vussnl si.’o). Pov/d('r nipn is prclsdUy nut cany to control v/ithin 
narn.w limitB; Puauvur, ihu pruthet is oxtru^cjy cadH, Powders tend to 
be ot irUori;ii;di,;ti‘ sire with indicatioj quundi 0010’. near lO** K/s (in part 
duo ho Uhl lat that afuaizaUnn takas place into 0 vacui.:;, chanbor), The 
tochnifpio is purnaps best duirarhoHzod as an iiiva't,-! strovim du*ja3s1fiq 
pnorU jS Siivb is has la uii apr l i; ; tO byo» i* :or; n .nVtU durinj liquid 0,^ 
of bvdroqon Bonsitive stool allr^vs into innot iBoldb through a vacuum, The 
'soluble pas ato*i ', Ziiticjn process* is a productiuri fn'oeoBr, . ^ 
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: . Packing *!ensit.y of now ors at bo5t is about ;:o» shuAiC*; 
flat |>ariiculalOF* It van b'« .is ‘.^jh as SO \,u I'.'i . It.- of 

hpatiiKj and i\v HIT or uxtruslon erfluiency favor ino flat particulates. 

3, nut particulate'. iMrely present trappea gas problesis; sar.iu of 
the cii railing procossos praUuui significant ufnoyuts of nollov/ powders 
v/hici’i prosont sisajor proi/loiis. 

4. TI;o structural uniiormi ty of flat particul.itiis (if thin enough) 
iuniJs to be inijortantly groator ilian tl\at for powders where the size 
range Mid,y vary f»'onj loss ih.m on-* to over 250iar. 

g. hj-' nrodticiion 1*./ ;.ul>ntratn ^juunching verstis the soveial atuin- 
i'Mtion tucheiquf'Sj fot’ nev/ the H)v/ier procossos appiiur to enjoy an ad- 
varuage. 

Most substrate quenohiir] tochniquos (not incaniimj prutluclion of 
wide strip an ^ finisfiod cr srnri-finishod product, hut as an intern'ediate 
raw isatorial ) utiliiUi smdl 1 Ha.’etor .(wiilth) mot. a] di.*l ivory nozzles to 
pi'ovido a thin particuiate, Multiple imurinu nocrlGS clearly can be 
used to incronse liquid metal r.rnyery rates. Melt extraction can not 
only provide a wider particulate but could also u;.u a series of parallel 
wheel'*. The voluiso of loosely pHiCked , continuuua parti rail a tes car. vuickly 
be very 1 a run nnd must then be cuiisol idutod into »iorn densely packed ma- 
terial. More convenient shapes tiian continuous ribi.on are also prod'aced, 
such as sc-ri-powdor shapes viin’cli are not spherical. In fact such ohaped 
products can be tailored to specific dimensions fur u'.e as finished par- 
ti cl cr, (inch aspect ratio rod snapofi for concrete rnlnforcoment, for 
example) . 

But for more continuous- , larger scale operation, using about bnn 
diameter liquid pourinn stream;., which can also be produced through sev- 
eral pour inn !u#7cles-i pnwdee p**od.uc* ion provides n much oasio*' prceuct 
to han-ile for aubse-iueni HIP, hot mechanical piossing, hot extrusion, 
etc., into somi-finirdied, fully dense iMaterials, Per!', aps the itiost im- 
poricnt variable is the gcv'^ater specific density of ti;e powders compared 
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to u, ! nlriuously i«ru<lucf.*d loivj riiiuon shupou » whu.h » >i'it tlwu Uo 6 ltoai*u*l 
or < victurod (if r>uf fidenLly liriitln) Into an i*;» whKh 
can bQ handled sl.nilarly to |iuwdi,rs. 

iinvortheloGS tho ousy arhlovomcnt of solidification rates which oan 
be 10 to 100 l imes tjreatGr timr. ^or iH)st atorniiiGd pow.iers is not to Ou 
ovcrlooki'd for structure arid prijunrty riHjtni'ciironLs . L:.collct*t nrcpert.ies 
have boon i'»i{)ortud for alloys produced i^y substrate (iiiurrctnin^ (splot“ 
tiiK’)‘P^ further innovations in substrate quonchiiiO to produce a n;oro 
control! odj discontinuous splat which can be consolidated with a minimum 
of handlirifj etui interiiiodiate processing would bo wolcome. 


The dlassy. AllpyJ^nite. Microprystdjjiu' Jp/S 

If one cdiucks tiio li Lera U<re it bncoines clear that uii tu the iirOv'Ont* 
tliu bulk of all KS powder production lias been concenuid with raicrocrystal - 
11no alloys, whereas a majority of the Kb suhstratu (iuCTiChinn has been 
ccnconiod vnth glassy alloys, muj latter would certainly ue true o* i«ipid 
solidification by ir.elt spinning methods. 

‘Vhntrly *hose atomisation processes which can reach or exceou about 
lO*' h/s will allow glassy Qiloys to be prodjced, Also, since there 
are no real barriers to prcrlacirV;;; isicrocrystall ino ribbons,, strip and fiake 
by substrate quGiid.iiig the subsequent processing steps should determine 
v/hich of tiio several rapid solidification processes to use for particulate 
production. 

If an alloy is a responsive glass former; and if its compositions 
can be modified to mirnmi^te t!ie volume traction oi the resiiltant hard or 
brittle phase on cryslall i?ation (typically below about GO vol , pet. and 
preiorably less than about 35 vol. pet.), the production^of ^extremaly fine- 
grained, (iuctilo alloys bocom>:s an attractive poton..ia1. 


(d'') I'iore 


attractive basic alloy systems are the nl a sc- forming Tran? it Ion f‘.rt.il^,Q" 
NonMotar,,, alloys. A number of 

3G~lb to'’75-35 atomic percent look attravtive for crystallisation from 
the .jlassy state. T!ie major (initial) attrsetien of starting from the glass 
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U, Vii) u- t.wMtiaVty, unifynn, wi'iln uin) which w<iri 

be pryu'ico.i. In coi.trasr, n muel. mru vari.iM^ ^ wHi 

when attci.^ptini| to onench tu a oolectocl fine DAS w-iuh can bo converloh 
to a dt/cined» 'antori,;, tisa* nn.nn ,.itu tlufu'di fayi. wunk, Ufaiti si.‘» -> 
well below one iviicron have been reported, inrludinh ooi ^ fitie*' 
grained duct i l'' alloyo crystal liiod tnan the elansy otaioi suCf 
Fig, /. In fci?.t ;aret*yl work fihould be rapablo Of prudiicing 9rain sizes 
between 0.01 and O.ljjsi ori cryst ail izotiori. Rt*tc*nt1«jn uf those stf'ustnros 
duritaj liot consul idatioi! will prfjuabl.y be miich lufo'e difficult. Tlnv.o e.-.- 
truiiialy fine-on ined nlluys shotiM be uf .nusual Infa-rest in terms of 
many proper tics. 


Ho lest 3 iif !''■» ['articulates 

A mis Dor of defects tiave already been .mentioned above » tut are wnrtn 
repeat 1 rig and elaberatinci lU’cn. 

], Alloy Reactivity, turf a on AriUi, an* p barf t.co t'pX'iC ts , 

The finr-r any powder or particulate, tlu« urea lor Us roactivi ty v/ith 
the various atmoripheres it will oncraintcr in sunsrcpjunt processing to a 
fully .ienso structure. The pnrl i.v and lypu ot gas ufed for atomi/ativi. 
or the v.'urklnp utT.rjspiicn is t’norelerc very inportant. Clearly inoi t 
gases .;ou1d bn proturrun, real 1 zinc that the specific yas will als» play 
a rolQ in duterhiiainn the sal icH f ication and voolinn rate of the pfirtic- 
ulaies. 

The prefabinty is that the pasos to be used will not be of uUra- 
high purity both because of cost and because of difficulties in purging 
the tank or container 1n wh'ch the particulates will be formed. Further, 
tlio probability is Gxtru»-oly great that tiie piarticolatos v/ill be exposed 
to air for a significant time for procowsing rna'cnc. With povi'iors, this 
suggests a preference for spherical shapes v/ith a ii'.inir.ium of satollitus 
and an obsonno of subniicron p/uiticlos to avliievo minimum reactivity. 

Alloys based on or rich in elesients which oxidize readily nuiSt bo 
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tu « cont isHious, -y that pari iculau* r jiri‘1,y i v>v! 

C| ;n'c,Hrt.1us , and l.hn product r.ni*it In’.- hot wo-d-t-i. 

Thn whcly subject uf u.ndo films, thon' stabiiUy, li.ethorJs of uro- 
uruakoovof oc spuursndi^ ition, an i ‘heir ral'UC'-pinnt role on pron- 
ert'U'S ro!..ains a critical isr.un, o'-pcci a 1 ly in pr^serni to sisann Rb por- 
ticulalc >lructurc!] wfiurn nvia-nnrt pro’^ertins an; b-’itip S(ni.|ht. 

r inure 9 shows tlie role of such stuhlo uxUlns in HlP'nd ful !y dense 

materials. Mjuro Oa shows ihn ■.harp rnt.rntion oi particle shapu, vvlth 

new rocrystali iae*l y rains stay in*} .within particle k-undarier.; note In 

particular the rociltunt Sar-n iriin size variatiyf' from pi.int to ruint 

due to the use of a wld*? ramio of powder :;i.ies, ^ fi yurn IH) shews a 

not“unlypic..I fractun* of nn alloy such u& that uia-wn in fin. ha. ihc 

fract ure is an ir; tor pa nidi; fa i 1 urv* , them fore, in tin in cast, disc an 

intarcranulcrr failure. The alloy is not actually Irittlo since ac ^ uch' 

as 10 ' ulorn.iot icn can bv. rod li rod in short time ntroas- rupture te;? i a i 

hewavto’, botii the rupture st.roir.th and tto ductility at freettiro am con- 

( 4 M 

sidiuat)ly less Uiaii for the •wu,.- ptavJer r.;iyrial u‘t.er iiot uxtruni r:. 

4. Rpfrac: u‘y Cirtides. Puriny rapid solid ficaii on, it is not 
cnexpocted that -11 or a significant amount, of the rarhon present 1 r. , say, 
s upend Hoys or stainlest^ stools v/ill be there in supo ns dtu rated solid solu 
tions . ^ Uncontroilfid hoaling to the HIT tei'p.as turn or to tiss hot 
oxtrusion toifii oraturo can ronuU In the fu’ecipi t.itir?r! of coansG refractory 
carbides (TIC, TaC, Hit). Once for.red, generally n- ;r prior partiwln 
surf.ces, these carbides carant bo readily (if at all) dissolved. b-ie 
can cf course work v/i th much lower carbon con cent 5 v.hera chemistry so 
permits. Preferably, una should tyii.paraturo and/or i.echanically prutreat 
the part'iculato;3 bofuro hot consol idaliun to induce precipitation of the 
carbides into finer particles end thus avoid subseque-nt severe coarsening 
at the HIP or extrusion teinnoraturi;. ^ 


/ 
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SUMMARY 

rthilg th‘.^?*e are mjah-^rous pv'oblfins arifi fault', with R3 particulars 
and particulatn production, the rosuHant struotut'As ard properties are 
of sudi OKcullence that tiajor studies should Uo continued to learn how 
to eliniinatfi sonir of the problcM-^ and faults, how to optii^ize i)rocQSuing 
variables, and how to take adv.antaiju ui the uniqu*' structural control 
siMde vavailaolo by R5T, Tno pomtial for highly iiiproved alloys regains 
high and essential ly is a near turn proposition. 
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black and white photograph 


Variations in satellite particle attachment to 
powders of IN-100 for two subsonic gas atomiza 
tion sources, (a) 138x, (b) ?00x. 
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P-^Gt 
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Fig. 3. Finely structured cap which 
splatted onto a larger, so- 
lidified, coarsely structured 
particle. 
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black and white photograph 



Fig. 6. SEM view of USGA aluminum 
alloy 20?4 Li. lOOOx. 
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AND WHIlt PHOJOGkArM 






(b) 


Fig. 8. 


troloy 700. (a)Subsonic gas atomization wUh . 
qon showing argon entrapment, (b) After mr 
^at^nt 2 Lrs at 120A°C < 1477 K) o lowed by 
hours solution heat treatment at 1204 C (1477K). 
8x and 26x. 
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(b) 


fie 9. K 4 -IOO RS ndterial. (a) As hot isostatical ly 
pressed 2 hours at 2204'C (1477K). (b) Sttess- 

rupture failure at 982°C (1256K); interparticlc 
and intergranul ar failure; elongation about 10 . 
100^ and 200x. 


